Abstract: This study describes the applications of a naturally occurring small heat shock protein (Hsp) that forms a cage-like structure to act as a drug carrier. Mutant Hsp cages (HspG41C) were expressed in Escherichia coli by substituting glycine 41 located inside the cage with a cysteine residue to allow conjugation with a fluorophore or a drug. The HspG41C cages were taken up by various cancer cell lines, mainly through clathrin-mediated endocytosis. The cages were detected in acidic organelles (endosomes/lysosomes) for at least 48 hours, but none were detected in the mitochondria or nuclei. To generate HspG41C cages carrying doxorubicin (DOX), an anticancer agent, the HspG41C cages and DOX were conjugated using acid-labile hydrazone linkers. The release of DOX from HspG41C cages was accelerated at pH 5.0, but was negligible at pH 7.2. The cytotoxic effects of HspG41C-DOX against Suit-2 and HepG2 cells were slightly weaker than those of free DOX, but the effects were almost identical in Huh-7 cells. Considering the relatively low release of DOX from HspG41C-DOX, HspG41C-DOX exhibited comparable activity towards HepG2 and Suit-2 cells and slightly stronger cytotoxicity towards Huh-7 cells than free DOX. Hsp cages offer good biocompatibility, are easy to prepare, and are easy to modify; these properties facilitate their use as nanoplatforms in drug delivery systems and in other biomedical applications.
Introduction
Many types of drug delivery systems, including liposomes, 1 emulsions, 2 polymers, 3, 4 and proteins, 5 have been proposed to enhance the therapeutic effects and reduce the side effects of drugs. In particular, macromolecular prodrugs based on polymerdrug [6] [7] [8] [9] [10] and protein-drug conjugates 11, 12 have received considerable attention. Unlike liposomes and polymeric micelles from which encapsulated drugs tend to be released in the bloodstream before accumulating at their target site through dissociation of thermodynamically self-assembled structures, 13, 14 drug-carrier conjugates can be kept in a stable conformation if appropriate linkers are used. Although the conjugates have relatively stable characteristics, the drugs can be released from the conjugates through sensing unique cellular and subcellular environmental factors, including pH, [6] [7] [8] [9] [10] [11] redox potential, 9, 15 and enzyme activity, 3, 12, 16 and can then promote cell death. In the context of pH-sensitive prodrug systems, numerous acid-cleavable linkers, including imine, 17 acetal, 18 oxime, 19 and hydrazine, [6] [7] [8] [9] [10] [11] have been reported. These linkers were generally stable at physiological conditions (pH ∼7) but were hydrolyzed in the acidic environments of endosomes (pH 5-6) and lysosomes (pH 4.7).
As a drug carrier, this study has focused on the naturally occurring small heat shock protein 16.5 (Hsp), which originated from Methanocaldococcus jannaschii. Hsp forms a cage-like structure with an outer diameter of 12 nm and an inner diameter of 6.5 nm through self-assembly of 24 individual monomeric proteins. 21 This Hsp cage has a monodispersed size, a well-defined structure, and can be expressed in Escherichia coli in a highly reproducible manner unlike other polymeric prodrugs that often require multistep reactions. In addition, the Hsp cage has eight pores with a diameter of 3 nm that allow transfer from the external to internal environment of the cage of various molecules, including fluorophores, drugs, and metal ions. 21 Therefore, Hsp cages can be fabricated with functional molecules localized on the interior and exterior of Hsp cages. Hsp cages have also been used for biomedical applications due to their advantageous biocompatibility, biodegradability, and easy fabrication through chemical/genetic strategies. [22] [23] [24] [25] Although Hsp cages have several favorable characteristics making them suitable as drug carriers, to the best of the authors' knowledge, only a few reports have examined this possibility. 11 In this study, an Hsp cage-based prodrug was developed. Doxorubicin (DOX) was used as a model drug because it has been clinically used to treat many cancers for more than four decades. 26, 27 The interior of the native Hsp cages was first mutated to introduce cysteine residues (HspG41C), which form a complex with molecules such as fluorophores and drugs possessing maleimide groups following modification by simple thiol-maleimide chemistry. Using fluorophore (Alexa Fluor ® 488)-labeled HspG41C cages (HspG41C-Alx), cellular uptake, endocytic pathways involved, and subcellular localization of HspG41C-Alx in various cancer cell lines were determined. To assess the potential applicability of Hsp cages as drug carriers, DOX was linked to Hsp cages through an acid-labile hydrazone linker by a single chemical reaction between cysteine residues inside the HspG41C cage and a maleimide group of a DOX derivative, DOX-N-(ε-maleimidocaproic acid) hydrazide, trifluoroacetic acid salt (EMCH), yielding HspG41C-DOX. The cytotoxic effects of HspG41C-DOX were then evaluated using three cancer cell lines.
Material and methods

Expression and purification of Hspg41C cages
The pET21a(+) vector-encoded HspG41C mutant, in which the glycine residue at position 41 of wild-type Hsp was substituted with a cysteine residue, was prepared by polymerase chain reaction-mediated mutagenesis with appropriate primers. The success of mutagenesis was confirmed by DNA sequencing. The HspG41C mutant protein was obtained from E. coli, and was purified by anion exchange chromatography and size exclusion chromatography. The BL21-Gold (DE3) strain of E. coli (Merck KGaA, Darmstadt, Germany) was used for HspG41C expression.
E. coli containing the pET21a(+) plasmid vector were grown in 2 × YT medium containing 100 µg/mL of ampicillin at 37°C. When the culture medium's optical density at 600 nm reached 0.5-0.6, the expression of the recombinant protein was induced by 1 mM isopropyl-β-D -thiogalactopyranoside (Wako Pure Chemical Industries, Osaka, Japan) for 4 hours at 37°C. After collecting the cells by centrifugation, the cells were suspended in 25 mM monopotassium phosphate solution (containing 1 mM ethylenediaminetetraacetic acid and 2 mM dithiothreitol, pH 7.0) and stored at -80°C until purification. The cell suspensions were then sonicated to disrupt the cell membrane. The resulting cell lysates were centrifuged at 15,000 rpm for 30 minutes at 4°C and the supernatant was collected. Proteins were purified using a HiLoad™ 26/10 Q Sepharose™ High Performance anion exchange column (GE Healthcare, Little Chalfont, UK) and a size exclusion chromatography column (TSKgel ® G3000SW; Tosoh Corporation, Tokyo, Japan). The success of purification was confirmed by 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis.
Synthesis of Hspg41C-Alx
To generate HspG41C complexes with fluorophores located inside the HspG41C cages, HspG41C (2.5 mg, 152 nmol cysteine residues) was reacted with Alexa Fluor 488 C 5 -maleimide (0.13 mg, 182 nmol; Life Technologies, Carlsbad, CA, USA) in 0.1 M phosphate buffer (pH 7.2) for 2 hours at room temperature. The reactant was further incubated for 20 hours at 4°C. Unreacted Alexa Fluor 488 C 5 -maleimide was removed by ultrafiltration using Amicon ® Ultra Centrifugal Filters with a molecular weight cut-off of 100,000 (Merck).
Synthesis of maleimide hydrazone derivatives of DOX (DOX-EMCH)
DOX-EMCH was synthesized as previously reported. 9 Briefly, DOX (25 mg, 43 µmol; Wako) and EMCH (44 mg, 129 µmol; Thermo Fisher Scientific, Waltham, MA, USA) were dissolved in 12 mL methanol, and then two drops of trifluoroacetic acid were added using a Pasteur pipette. 
Synthesis of DOX-EMCH-modified
Hspg41C (Hspg41C-DOX) HspG41C (3.2 mg, 0.19 µmol, 0.19 µmol of cysteine residue) was dissolved in phosphate buffered saline (20 mM, pH 7.2) followed by the addition of DOX-EMCH (0.6 mg, 0.78 µmol). After stirring for 2 hours, the solution was incubated for 22 hours at 4°C. Unreacted DOX-EMCH was removed by ultrafiltration as described above, which was repeated until the filtrate turned from red to clear.
Measurement of DOX release from Hspg41C-DOX
HspG41C-DOX was dissolved with 0.2 M of phosphatecitrate buffer (pH 5.0) or 0.2 M of phosphate buffer (pH 7.2) to adjust the final concentration of DOX to 52 µM and final volume to 100 µL. After these HspG41C-DOX solutions were incubated at 37°C for 1, 2, or 3 days, released DOX was removed by ultracentrifugation using Amicon Ultra Centrifugal Filters with a molecular weight cut-off of 100,000 (Merck). The final volume of remaining HspG41C-DOX solution was adjusted to 100 µL by each buffer described above and then absorbance of diluted HspG41C-DOX solution was measured using ultraviolet-visible spectroscopy (V-560; JASCO, Tokyo, Japan). The percentage of released DOX from HspG41C-DOX was calculated using the following equation: percentage of DOX released = ([A DOX, 0 -A DOX, X ]/A DOX, 0 ) × 100, where A DOX, 0 and A DOX, X were the absorbance of DOX at 495 nm at Day 0 and Day X after incubation, respectively.
Cell culture
Huh-7 cells (human hepatoma), HepG2 cells (human hepatoma), HeLa cells (human cervical carcinoma), and Suit-2 cells (human pancreatic cancer) were obtained from Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan), and Hep3B cells (human hepatoma) and U87-MG cells (human glioblastoma) were obtained from American Type Culture Collection (Manassas, VA, USA). All cells were cultured in an appropriate medium containing 10% fetal bovine serum, 100 U/mL penicillin, 100 µg/mL streptomycin, and 0.25 µg/mL amphotericin-B (all from Life Technologies) in a humidified atmosphere of 5% carbon dioxide and 95% air at 37°C. Dulbecco's modified Eagle's medium was used for cultivation of Huh-7, HepG2, and U87-MG cells; Eagle's minimal essential medium containing nonessential amino acids was used for Hep3B and HeLa cells; and Roswell Park Memorial Institute 1640 was used for Suit-2 cells (all growth media were from Wako).
Fluorescence microscopic observation of Hspg41C-Alx uptake
Cells were seeded on 96-well culture plates at an initial cell density of 10,000/well and were cultured for 1 day in 100 µL of the specified medium containing 10% fetal bovine serum. The final concentration of HspG41C-Alx was adjusted to 40 nM (1 µM of subunit protein) using Opti-MEM ® (Life Technologies) and 100 µL of the diluted HspG41C-Alx was added to each well. After incubation for 24 hours, the medium was replaced with fresh Opti-MEM. Hoechst 33342 (Dojindo Laboratories, Kumamoto, Japan) was used to stain the nuclei. Fluorescence images were obtained using a BZ-9000 fluorescence microscope (Keyence Corporation, Osaka, Japan).
Identification of the pathway for Hspg41C-Alx uptake
Suit-2 cells were harvested on poly-L-lysine-coated 48-well plates at an initial density of 50,000 cells/well and were grown overnight. Cells were treated with Dulbecco's modified Eagle's medium containing chlorpromazine (28 µM), amiloride (500 µM), and/or filipin III (15 µM) for 1 hour (all from Sigma-Aldrich, St Louis, MO, USA). Then, 84 nM of HspG41C-Alx solution containing the same concentrations of these inhibitors was added to the cells. Two hours after transfection, the cells were rinsed three times with phosphate buffered saline and lysed in lysis buffer (pH 7.5, 20 mM tris[hydroxymethyl]aminomethane hydrochloride, 2 mM ethylenediaminetetraacetic acid, and 0.05% Triton X-100). The cells lysates were transferred to black-bottomed 96-well plates and the fluorescence intensity of each sample submit your manuscript | www.dovepress.com Dovepress Dovepress was measured using a microplate reader (ARVO MX 1420; PerkinElmer, Waltham, MA, USA).
Fluorescence microscopic observation of the subcellular localization of Hspg41C-Alx cages and distribution of DOX Suit-2 cells were harvested on 48-well plates at an initial density of 10,000 cells/well and were grown overnight. Then, 40 nM of HspG41C-Alx was added to the cells and the cells were cultured for 24 or 48 hours. Acidic organelles and mitochondria were stained using LysoTracker ® Red DND-99 and MitoTracker ® Red (Life Technologies), respectively. To assess the distribution of DOX, Suit-2 cells were harvested on 48-well plates at an initial density of 50,000 cells/well and were grown overnight. HspG41C-DOX containing 20 µM of DOX or the same concentration of free DOX was added to the cells, which were incubated for 24 or 48 hours. Fluorescence images were obtained using the BZ-9000 fluorescence microscope.
Evaluation of Hspg41C cytotoxicity
Cells were harvested on white-bottomed 96-well plates at an initial cell density of 10,000 cells/well and were grown overnight. Then, 100 µL of HspG41C dissolved in Opti-MEM (1-100 µg/mL) was added to the cells, which were then incubated for 24 hours. Cell viability was measured using a CellTiter-Glo ® luminescent cell viability assay kit (Promega Corporation, Madison, WI, USA). Luminescence intensity was measured using the ARVO MX 1420 microplate reader.
Evaluation of cytotoxicity of Hspg41C-DOX to cells
The cells were harvested on white-bottomed 96-well plates at an initial cell density of 10,000 cells/well and were grown overnight. Then, 100 µL of HspG41C-DOX dissolved in Opti-MEM (containing 0.3-30 µM of DOX) was added to the cells. After incubation for 24, 48, or 72 hours, cell viability was measured as described above. Half maximal inhibitory concentration (IC 50 ) factors were calculated using Prism ® sigmoidal dose response software (GraphPad Prism 6; GraphPad Software, Inc, La Jolla, CA, USA).
Results and discussion
Characterization of Hspg41C
Hsp is a naturally occurring protein that forms a cage structure with an external diameter of 12 nm and an internal diameter of 6.5 nm through self-assembly of 24 individual monomeric proteins. 21 To introduce the conjugation sites of chemical agents such as fluorophores and drugs, a mutant Hsp cage (HspG41C) was developed by genetically substituting glycine 41, within the interior of the Hsp cage, with cysteine. HspG41C cages were obtained from E. coli, and were purified by anion exchange chromatography and size exclusion chromatography. The resulting size exclusion chromatography profile and sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis revealed that HspG41C was successfully obtained ( Figure 1A) . Dynamic light scattering measurements confirmed that the resulting HspG41C had a diameter of ∼12 nm, which is consistent with previous results ( Figure 1B) . 21 In addition, HspG41C at concentrations of 1-100 µg/mL showed no cytotoxicity against HepG2 cells or Suit-2 cells (Figure 2 ), indicating that HspG41C is a biocompatible protein with favorable characteristics and is useful as a drug delivery system and in other biomedical applications.
Cellular uptake of Hspg41C by various cell lines
To examine whether the HspG41C cages could be taken up by the cells, HspG41C-Alx were prepared by Michael addition reaction between Alexa Fluor 488 maleimide and the unique cysteine residue of HspG41C. The resulting HspG41C-Alx had a comparable size distribution to that of unmodified HspG41C ( Figure 1B ). HspG41C-Alx was added to cultures of HepG2, Hep3B, Huh-7, Suit-2, U87-MG, and HeLa cells. HspG41C-Alx uptake was observed by fluorescence microscopy 24 hours later. Green fluorescence corresponding to HspG41C-Alx was detected in each of the cell lines (Figure 3 ), confirming that HspG41C-Alx could be taken up by various cell types.
Endocytic mechanism and subcellular localization of Hspg41C cages
The HspG41C nanoparticles were mostly internalized by endocytosis. The endocytic pathways are broadly classified into four groups, namely clathrin-mediated endocytosis, caveolae-mediated endocytosis, macropinocytosis, and clathrin-and caveolae-independent endocyotosis. 28 Therefore, to determine the endocytic pathway involved in HspG41C internalization, the following compounds that inhibit specific endocytic pathways were used ( Figure 4) : chlorpromazine, which inhibits clathrin-mediated endocytosis; 29 amiloride, which inhibits macropinocytosis; 30 and filipin III, which inhibits caveolae-mediated endocytosis. 31 Pretreatment of Suit-2 cells with amiloride and filipin III decreased the cellular uptake of HspG41C by 8% and 19%, respectively, compared with untreated cells. On the other hand, pretreatment with chlorpromazine elicited a much greater decrease (42%) in the uptake of HspG41C. Pretreatment with all three compounds simultaneously elicited a similar decrease (52%) in the uptake of HspG41C to that of chlorpromazine alone. These results indicate that main uptake pathway of HspG41C was clathrin-mediated endocytosis. Nanoparticles that are taken up by clathrin-mediated endocytosis usually enter endosomal vesicles and are then translocated to lysosomes with more acid pH (5.0-6.5) compared with the cytosol (pH 7.2). 20, 28 Some nanoparticles escape these acidic organelles and accumulate in the mitochondria and nuclei. Therefore, to determine the subcellular localization of HspG41C, Suit-2 cells were incubated with HspG41C-Alx for 24 (acidic organelles, mitochondria, and nuclei) was observed by fluorescence microscopy. The fluorescence images showed that HspG41C-Alx was mainly localized in the endosomes and/or lysosomes at 24 hours based on the merged fluorescence of HspG41C-Alx and LysoTracker (shown in yellow; Figure 5A ). After 48 hours, most of the HspG41C-Alx remained in the endosomes/lysosomes. Very slight colocalization of HspG41C-Alx in mitochondria (stained with MitoTracker Red) was found at 48 hours because accumulation of HspG41C-Alx in mitochondria required endosomal escape ( Figure 5B ).
Synthesis of Hspg41C-DOX and DOX release
Next, HspG41C-DOX was prepared as a drug delivery system by covalently binding a DOX derivative (DOX-EMCH; in size distribution of HspG41C-DOX was detected when compared with unmodified HspG41C ( Figure 1B) . As shown in Figure 7 , approximately 60% of conjugated DOX was released from HspG41C-DOX 2 days after incubating at pH 5.0 and the amount of DOX released was almost comparable between samples incubated for 2 days and 3 days. By contrast, a much smaller amount of DOX (∼10%) was released after incubating at pH 7.2 for 3 days. These results indicate that the release of DOX from HspG41C is accelerated in acidic environments, as in endosomes/lysosomes.
Evaluation of Hspg41C-DOX cytotoxicity
Cytotoxic assays of HspG41C-DOX against Suit-2, HepG2, and Huh-7 cancer cell lines were then performed. HspG41C-DOX and free DOX at concentrations of 0.3-30 µM were added to the cells and the number of viable cells was measured using a CellTiter-Glo kit at the specified times (24-72 hours) ( Figure S1 ). The IC 50 values of HspG41C-DOX and free DOX were then determined ( Table 1 ). The morphology of Suit-2 cells changed from a "sharp" appearance ( Figure 8A ) to a "round" appearance at 24 hours after treatment with free DOX ( Figure 8B ) and HspG41C-DOX ( Figure 8C ), predominantly as a result of cell death. The IC 50 values of HspG41C-DOX in Suit-2 and HepG2 cells were three to four times higher than those of free DOX. In Huh-7 cells, the IC 50 values of both DOX formations were almost identical. It was hypothesized that the weaker cytotoxicity of HspG41C-DOX compared with free DOX was caused by differences in subcellular localization between both formations of DOX because DOX can induce cell death in various ways including inhibition of DNA topoisomerase II, DNA binding, DNA intercalation, and inhibition of DNA replication 26, 27 as well as mitochondrial malfunction through nonspecific oxidative damage towards mitochondrial inner and outer membranes and interactions with mitochondrial enzymes and DNA. 26 As shown in Figure 8B and C, both formations of DOX were predominantly found in the cytoplasm and nuclei. It was then further investigated whether released DOX reached the mitochondria using MitoTracker Green, a commercially available staining reagent for mitochondria. Unfortunately, after treatment with HspG41C-DOX and DOX, mitochondria were difficult to stain maybe due to the death of cells (data not shown). Therefore, it was difficult to clarify the reason why HspG41C-DOX showed lower cytotoxicity than free DOX based on the differences in subcellular localization. Another possible reason for weaker cytotoxicity of HspG41C-DOX is considered to be the relatively low amount of DOX released from HspG41C-DOX. As shown in Figure 7 , ∼60% of DOX was released from HspG41C-DOX at 3 days after incubation in buffered solution with pH 5.0 (simulating pH of the late endosome), while only ∼10% of DOX was released when incubated in buffered solution with pH 7.2 (simulating pH of the cytoplasm). These results showed that most of DOX can be released from HspG41C-DOX in acidic organelles but not in cytoplasm, and DOX cannot be completely released at 3 days after incubation at pH 5.0. Therefore, to increase the cytotoxicity of HspG41C-DOX, the hydrazone linkers should submit your manuscript | www.dovepress.com Dovepress Dovepress be replaced with more effective acid-cleavable linkers to increase the amount of DOX released from HspG41C-DOX. In a previous report, poly( L -lactic acid)-poly(ethylene glycol) diblock copolymers linked with DOX using a cis-aconityl linker enabled quicker release of DOX at pH 5 compared with the use of a hydrazone linker, whereas the cis-acotinyl bond was almost completely stable at pH 7.
10 Therefore, substitution of a hydrazone linker with a cis-acotinyl linker may be a promising approach to enhance the cytotoxicity effect of the HspG41C-DOX cage used in this study.
Many types of DOX conjugates connecting through hydrazone linkers (eg, polymer, polyamino acid, and protein conjugates) were reported and these typically showed dozens of times lower cytotoxicity than that of free DOX in vitro. 32, 33 Therefore, the HspG41C-DOX conjugate was a slightly superior system in vitro compared with others. Interestingly, in contrast to in vitro experiments, DOX conjugates exhibited greater inhibition of tumor growth without severe side effects in healthy tissue when applied to tumor-xenografted animal models. 32, 33 Therefore, to fully assess the therapeutic effect and side effects, additional in vivo experiments using HspG41C-DOX are required.
Future plans
As described above, a major drawback of the present HspG41C-DOX was lower cytotoxicity than free DOX possibly due to slow release of DOX from HspG41C-DOX. Therefore, an attempt to overcome this problem through exchanging the hydrazone linkers to more effective acid cleavable linkers (eg, cis-aconityl linkers) will be made. Also, for in vivo application, specific drug delivery to target cells was very important in order to avoid any undesirable side effects. An advantage of Hsp cages is that the peptide ligand can be modified by the chemical/genetic method, 22, 23 enabling the delivery of cytotoxic reagents to specific cells. It was previously reported that Hsp cages could specifically target human hepatoma cells after binding human hepatoma binding peptides (SP94 peptides) to the surface of the Hsp cages using poly(ethylene glycol) linkers. The resulting HspSP94 cage was specifically taken up by human hepatoma cells but not by normal liver cells. 22 Accordingly, an attempt will be made to modify the peptide to Hsp cages and changing the linker between Hsp and DOX to a more acid-responsive linker, which will enhance the usefulness of Hsp cages in a drug delivery system.
Conclusion
It has been shown that genetically engineered HspG41C cages provide a useful drug delivery system of DOX to various cancer cell lines. The HspG41C cages were taken up by various cell lines, mainly through clathrin-mediated endocytosis, without cytotoxic effects, and were localized in acidic organelles for at least 48 hours. Cysteine residues inside the HspG41C cages can be chemically modified to bind to various drugs and fluorophores. As a model drug delivery system, HspG41C-DOX cages were taken up by cells and DOX was released from HspG41C-DOX following cleavage of the hydrazone bonds between HspG41C and DOX in acidic organelles, leading to cell death. Taking into account the low release rate of DOX from HspG41C, HspG41C-DOX exhibited comparable activity towards HepG2 and Suit-2 cells and slightly stronger cytotoxicity towards Huh-7 cells than free DOX. Hsp cages offer good biocompatibility, are easy to prepare, and are easy to modify; these properties facilitate their use as nanoplatforms for drug delivery systems and in other biomedical applications. Further refinements of HspG41C-DOX are still required, including changing the linker between DOX and the Hsp cages, and improving cell specificity.
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